The isoprenoid lipid crenarchaeol is widespread in hot springs of California and Nevada. Terrestrial and marine data together suggest a maximum relative abundance of crenarchaeol at ϳ40°C. This warm temperature optimum may have facilitated colonization of the ocean by (hyper)thermophilic Archaea and the major marine radiation of Crenarchaeota.
The isoprenoid lipid crenarchaeol is widespread in hot springs of California and Nevada. Terrestrial and marine data together suggest a maximum relative abundance of crenarchaeol at ϳ40°C. This warm temperature optimum may have facilitated colonization of the ocean by (hyper)thermophilic Archaea and the major marine radiation of Crenarchaeota.
Crenarchaeota synthesize membranes in which the major lipids are glycerol dialkyl glycerol tetraethers (GDGTs) (5, 14, 15) . In thermophilic archaea (8, 26) and in the ocean (22, 23) the number of cyclopentane rings increases with increasing surface water temperature (20, 22, 23) . Crenarchaeol is an unusual GDGT first identified in marine sediments (1, 2, 4, 10, 18, 21, 24, 29, 30) . It contains four cyclopentyl rings and, uniquely among GDGTs, it also contains one cyclohexyl ring (1) . Results from molecular models show that the cyclohexyl moiety adds molecular volume, thereby enhancing flexibility at lower temperatures (1) . However, contrary to physical expectations, we observed that crenarchaeol is not a more abundant fraction of total GDGTs in samples from progressively colder environments (references 1 and 24 and this study).
Recently, crenarchaeol was found in high relative abundance in terrestrial hot springs (19) . Therefore, we sought to explore the distribution of crenarchaeol in environmental samples across a broad range of temperatures. The marine and terrestrial data for the relative abundance of crenarchaeol now span psychrophilic to hyperthermophilic communities ranging from Ͻ10°C to 87°C, indicating a broad biosynthetic distribution of the compound. The data suggest an evolutionary history of crenarchaeol that may be longer and more complex than its distribution in the modern ocean indicates.
Lipid extraction and liquid chromatography-mass spectrometry. Total lipids were extracted from mat material collected from hot springs by using established procedures (19, 30) . The lipids were acid hydrolyzed and screened by highperformance liquid chromatography-mass spectrometry. The column was Zorbax NH 2 (custom 2.1 mm by 150 mm; 5-m particle size; isocratic 1.3% isopropanol in hexane; 30°C). Conditions for atmospheric-pressure chemical ionization-mass spectromety were as stated previously (11, 19) .
Distribution of crenarchaeol in California and Nevada hot springs. Seventeen samples were analyzed from 11 hot-spring locations in California and Nevada and from one spring in Thailand (Table 1) . Additional data for marine samples from Santa Monica Basin, Santa Barbara Basin, and Cariaco Basin and from the literature are shown in Table 2 .
For the hot-spring samples, correlations were explored between the relative abundances of all GDGTs and each of the environmental parameters, including temperature, pH, and alkalinity. Crenarchaeol (I) (Fig. 1) was the only GDGT that showed a negative slope with temperature (R 2 ϭ 0.64) (Fig. 2a) . GDGT II exhibited no relationship to temperature (R 2 ϭ 0.03), and the correlation lines for all other numbers of cyclopentyl rings (III to VII) had positive slopes (R 2 ϭ 0.45 to 0.57) (Fig. 2a) .
Our discovery of crenarchaeol in a wide range of terrestrial hot springs has significant ecological and evolutionary implications. Crenarchaeol is abundant in marine environments and accounts for up to 46% of total GDGTs in marine sediments having temperatures below 20°C (24) and up to 60% of total GDGTs in surface waters at 26°C (12) . There is also approximately 60% crenarchaeol in the GDGTs of the symbiont Cenarchaeum symbiosium (1, 21) .
In hot springs, two of our samples contained 100% of the total detectable GDGTs as crenarchaeol (Dixie Valley and Seven Devils) (Table 1) , and previous work showed that a third sample (40°C) contained crenarchaeol in 22:1 ratio to GDGT II (19) . The abundance of crenarchaeol decreased to the 40 to 60% threshold between 50 and 65°C, causing the GDGT profiles of these hot springs (Fig. 1a) to resemble the GDGT distributions in marine sediments (Fig. 1b) . GDGTs from the 87°C spring in Surprise Valley [samples SV (0 to 1 cm) and SV (1 to 2 cm) ( Table 1) ] are noticeably different (Fig. 1c) but still contain detectable traces of crenarchaeol (Table 1) . When the abundance of crenarchaeol (I) is normalized to GDGT II (which has no temperature correlation) and plotted as a function of temperature, the data from terrestrial and marine systems together fit a second-order polynomial with significant correlation (R 2 ϭ 0.70) (Fig. 2b) . These results suggest that the marine archaea live on the low-temperature biosynthetic end of what may be a normal distribution centered around 40 to 45°C (Fig. 2b) . Indeed, sediments underlying cooler marine waters always appear to contain relatively smaller amounts of crenarchaeol than samples obtained from tropical latitudes (24) ( Table 2 and Fig. 2b ). Most importantly, however, the data suggest that the optimum temperature for organisms that produce crenarchaeol is greater than either the present or past temperature of surface seawater.
It also is possible that pH, in addition to temperature, may affect the abundance of crenarchaeol in a manner similar to pH control of sterols in eukaryotes (9) . These variables, however, cannot easily be decoupled for the organisms living in California or Nevada hot springs, as the lower-tem- a The abundances of coeluting compounds I and VII were calculated from the fragment ion ratios of m/z 1,292 to 1,294, using a linear formula to account for the contribution of compound I to the 1,294 fragment. End members were the fragment ion ratios for authentic compound VII in a hyperthermophilic specimen containing no I and a cold-temperature marine sediment sample containing I but no VII.
b GDGT results were average values of two replicate analyses with an error of Ϯ0.01 to Ϯ0.07. c Surprise Valley (SV) hot springs are located in California. The rest of the U.S. hot springs are located in Nevada. SV-1 (Streamer) was a white-streamer mat sample collected at the water surface; SV-1 (0-1 cm) and SV-1 (0-2 cm) were sediment samples collected at the edge of this hot spring.
d GPS data were not available (NA) for this site. Samples were collected at the Bor Khlueng hot spring in the Ratchaburi province of central Thailand. a GDGTs I and II were compiled from previous studies (samples e to r); and from GDGTs I to VII measured in this work (samples a to d). References for sea surface temperature (samples a to d) and both temperature and abundance (samples e to r) are given in column 3. perature springs tend to have higher pH values. A combined temperature-pH effect could explain the absence of the cyclohexyl ring in cultured thermophilic archaea, because these species commonly grow at low pH (26) rather than at the higher pH values measured here. Based on our findings and the observation that cyclohexyl rings have not been found in any Euryarchaeota, we hypothesize that crenarchaeol is a primitive phenotypic feature that is specific to the Crenarchaeota. While a temperature effect of the cyclohexyl ring has been reasonably explained (1), the effect of pH has not yet been rigorously examined. Experimental studies using pure cultures of thermophilic archaea have demonstrated that the number of cyclopentyl rings in GDGTs increases with growth temperature (8, 26) . Because the cyclohexyl ring has not been found in cultured thermophiles, its presence in the nonthermophilic Crenarchaeota has been attributed solely to the significant decrease in growth temperature experienced by the Crenarchaeota when they were colonizing marine waters, perhaps around 112 million years ago in the Cretaceous Period (1, 16) . Our findings differ significantly from the view that crenarchaeol, or specifically, its unique cyclohexyl ring, is an evolutionary product of this relatively recent event (16, 22) . The apparent ϳ40 to 45°C temperature optimum for crenarchaeol exceeds the warmest sea surface temperatures (27 to 36°C), even in the Cretaceous Period (22) . We suggest that crenarchaeol could be an original and ancient biochemical property of the thermophilic Crenarchaeota, which occupy a deep branching point in the tree of life (3, 7) . (Table 1 ) and marine sediments ( 
